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Abstract 
 
In the strive towards decreasing carbon dioxide emissions from the growing transport sector, the interest 
for more fuel-efficient combustion engines operating under lean (oxygen excess) conditions has 
increased. The combustion products, however, formed in such engines contribute considerably to air 
pollution. Nitrogen oxides (NOx) and particulate matter (PM) are the major toxic components together 
with carbon monoxide (CO) and hydrocarbons (HC) that need to be regulated. Selective catalytic 
reduction with ammonia (NH3-SCR) is an efficient method to reduce NOx under lean conditions. Metal-
exchanged zeolites are proven to be active catalysts for this process. One of the major requirements for 
the practical application of zeolites for NOx reduction, which is not yet sufficient, is their durability 
under hydrothermal conditions. Another problem of SCR systems for vehicles is the relatively low 
catalytic activity at low temperatures leading to that most of the emitted NOx origins from cold low-load 
start-up, and short travelling distances. Therefore, further development of the currently used NH3-SCR 
catalysts is of high practical as well as scientific interest.  
 
In the present work, different strategies to improve ion-exchanged zeolites as NH3-SCR catalysts are 
investigated. Special attention is paid to modifying the zeolite synthesis conditions, choice of metal for 
ion-exchange with and effect of method for zeolite functionalization. In particular, zeolites with MFI, 
CHA and *BEA framework structures have been ion-exchanged with iron and copper by aqueous ion-
exchange (AIE), wet impregnation (WI), solid state ion-exchange in air (SSIE) and solid state ion-
exchange facilitated by NH3 and NO ([NH3+NO]-SSIE). The catalytic properties of the prepared 
samples were tested for various reactions relevant to NH3-SCR conditions, namely NH3-SCR, NH3 
oxidation, and NO oxidation. Moreover, the physicochemical properties of the samples were 
characterized by XRD, SEM, TEM, XPS, N2-sorption, ICP-AES, XRF, UV-Vis, NH3-TPD, SSNMR 
and DRIFTS.    
 
The synthesis conditions as well as choice of the metal and method of functionalization were all shown 
to be important for the structural and catalytic properties of the functionalized zeolites. Among the 
methods for functionalization, [NH3+NO]-SSIE generally leads to the most active catalysts. Moreover, 
the zeolite functionalization with transition metal ions was shown to significantly enhance the NH3-SCR 
activity. Cu-exchanged zeolites show high NH3-SCR activity over a broad temperature range, especially 
at low temperatures, while Fe-exchanged zeolites are more active for NH3-SCR at high temperatures. 
Additionally, sequential ion-exchange with both iron and copper leads to catalysts with high activity 
over broad temperature range. Furthermore, it was found that Fe2+ species rather than Fe3+ species, and 
similar, Cu+ species rather than Cu2+ species are beneficial for NOx reduction in NH3-SCR.   
 
Keywords: Environmental catalysis, NOx reduction, exhaust aftertreatment, NH3-SCR, zeolite 
functionalization, hydrothermal synthesis.   
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Chapter 1 
Introduction 
1.1. Emission control 
Air pollutants are substances that adversely affect the environment, the physiology of plants, 
animals, humans, entire ecosystems, as well as human property in the form of agricultural crops 
or man-made structures. The transport sector, including vehicles, marine vessels, trains and 
aircrafts driven by combustion engines, is one of the major contributors to airborne emissions 
[5].  
The history of vehicle emissions control began in the 1970s in the USA. The federal 
government established air pollution regulations for key-pollutants with the Clean Air Acts of 
1970, 1977, and 1990 [6], which were passed by the U.S. Congress. The Congress also 
established air quality standards in the USA for six main outdoor pollutants: carbon monoxide 
(CO), nitrogen oxides (NOx), sulfur dioxide (SO2), suspended particulate matter (PM), volatile 
organic compounds (VOC or HC), ozone (O3), and lead (Pb) [6]. Similar actions were then 
taken in Japan, Australia, and Switzerland. In 1985, the European Community passed respective 
legislations for passenger cars with spark-ignition engines, to be followed by South Korea in 
1987 and Brazil in 1988 [7]. 
The products formed during the combustion process in internal combustion engines are 
major contributors to urban air pollution, where CO, HC and NOx are the major detrimental 
components of the exhaust gases. Legislations for limiting the emissions from vehicles, which 
are becoming more and more stringent (see Figure 1, blue bars), create a need for more effective 
emission control systems [8]. The current emission control standard both for light duty and 
heavy duty vehicles in Europe is Euro 6, which was introduced in 2014-2015. However, a 
combination of outdated laboratory tests [9] together with “cycle beating” techniques used by 
car producers to circumvent the test limits artificially lower the test results but fail to deliver 
progress on the road (see Figure 1, red bars) [1, 10].  As the result, in order to ensure that Euro 
6 diesel vehicles deliver low emissions on the road, a new real-world driving emissions (RDE) 
testing procedure is now proposed. A so-called portable emissions monitoring system (PEMS) 
will be used for this test, which finally will be introduced on the road by 2017. Moreover, a 
Euro 7 legislation standard is expected to be introduced in 2025-2026 [11].  
Focusing more on the technologies for reducing NOx, they are usually divided into two 
general categories. Primary control technologies are intended to minimize the amount of NOx 
initially produced during the combustion process. Secondary control technologies are intended 
to reduce the NOx present in the exhaust gas from the combustion process in a so-called 
aftertreatment system.   
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For mobile applications several secondary control technologies have been developed in order 
to reduce NOx emissions. Especially, the so-called three-way catalyst (TWC) is now used 
worldwide in vehicles with engines operating under stoichiometric conditions (air-to-fuel mass 
ratio, 14.6), such as conventional stoichiometric gasoline engines [2]. However, the emissions 
from diesel engines are more difficult to control. The main reason for this is that diesel engines 
operate with a large excess of air so the exhausts always contain oxygen in excess (so-called 
lean conditions). It is very challenging to reduce NOx under strongly oxidizing conditions [12]. 
In result, diesel exhaust aftertreatment systems are complex and consist usually of three main 
parts: diesel oxidation catalyst (DOC), diesel particulate filter (DPF) and NOx reduction catalyst 
as shown in Figure 2.  
The main function of the DOC is to oxidize hydrocarbons and CO to CO2, and NO to NO2, 
which is a suitable compound to oxidize the soot trapped by the diesel particulate filter. The 
DPF is followed by the NOx reduction catalyst, where NOx is reduced to N2. The NO2 formed 
in the DOC also plays an important role in the NOx reduction process. 
Operation under lean conditions has naturally resulted in the need for new catalysts, which 
are capable of selectively reducing NOx in oxygen excess. One solution for that is the use of 
NOx storage and reduction catalysts [3]. In this concept the catalyst is subjected to mixed lean 
operation with relatively long lean periods followed by short rich pulses. During the lean 
periods, NOx is stored in the catalyst in form of nitrates, while during the short rich pulses the 
stored NOx is released and reduced, and thereby the storage component is regenerated. 
However, the process has some drawbacks such as need of using expensive catalytic materials, 
high demand of engine control as well as high fuel consumption when running the engine under 
rich conditions. Another technique, selective catalytic reduction with ammonia (NH3-SCR), is 
a well-established and effective method to eliminate nitrogen oxides under oxygen excess for 
stationary and, more recently, also mobile applications [13]. The first catalysts used for NH3-
SCR applications were based on vanadia. However, catalysts of this type have some drawbacks 
such as catalyst ageing and the toxicity of vanadia species, which may form volatile compounds 
at high temperatures. Hence, recently alternative catalysts, metal-ion exchanged zeolites, have  
 
Figure 1. European NOx emissions regulations for diesel cars, from 1993 (Euro I) to 2014 
(Euro VI) [1] 
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been suggested and implemented for mobile NH3-SCR applications [13]. However, several 
challenges still arise when using these materials in exhaust gas aftertreatment systems for diesel 
and lean-burn vehicles.  
One of the major requirements for the practical application of zeolites in the SCR process, 
which is not yet sufficient, is their durability under hydrothermal conditions. Hydrothermal 
deactivation occurs mostly due to the high temperatures required during regeneration of the 
DPF. Moreover, another problem of SCR systems for vehicles is relatively low activity at low 
temperatures where most of the NOx are produced during e.g. cold start-up low-load and short 
travelling distances.  
Hence, research efforts are now targeting catalysts that combine both high activity at low 
temperatures and hydrothermal stability at high temperatures. Promising approaches for 
improving the activity and stability of metal-exchanged zeolites include exploration of new 
combinations of metals, improvement of zeolite functionalization methods, as well as 
development of new types of zeolites.   
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 2. Block diagram of a typical diesel aftertreatment system.  
 
 
Figure 3. Operating efficiency of a three-way catalyst system as a function of the air-to-
fuel mass ratio [3]. 
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1.2. Objective 
The objective of this thesis is to understand how different methods for synthesis and 
functionalization of zeolites influence the physicochemical properties of the materials and the 
catalytic performance for selective catalytic reduction of nitrogen oxides with ammonia. 
Specifically, different routes for synthesis of zeolites with CHA framework structure and 
different methods for ion-exchange of zeolites with CHA, MFI and *BEA framework structures 
with copper and/or iron have been used.   
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Chapter 2 
Background 
2.1. NH3-SCR 
The most efficient method to convert the harmful NOx emissions in oxygen excess into 
harmless gaseous nitrogen and water, with the help of catalysis is presently selective catalytic 
reduction. In this process a special reductant has to be used, most commonly ammonia or urea. 
In this case the process is called NH3-SCR [8, 13]. In the SCR process, ammonia (or an urea-
water solution, which forms ammonia) is injected into the exhaust system containing gaseous 
NOx, where the gases are mixed and then, while passing through an SCR catalyst, the NOx is 
reduced to nitrogen. The SCR technology has been widely adopted in a number of different 
applications such as large utility boilers, solid waste and industrial boilers, diesel engines in 
large ships, gas turbines, diesel locomotives, automobiles and power plants. With the help of 
the SCR technology it is possible to reduce the NOx emissions by 70-95% [14]. 
 
2.1.1. NH3-SCR chemistry  
In the NH3-SCR process, the reducing agent ammonia has to specifically react with NOx 
without being oxidized by O2 in the lean exhaust gas. Ammonia is well suited for this purpose. 
However, being non-toxic and much more easily and safely transportable, urea is more 
preferable in diesel vehicles as a storage compound for ammonia [15, 16]. The following 
reactions describe the thermal decomposition and hydrolysis of urea in the presence of water 
[13]: 
NH2-CO-NH2   →
ΔT
   NH3 + HNCO, and                                           (1) 
   HNCO + H2O → NH3 + CO2                                                       (2) 
 
After ammonia is formed, three different types of SCR reactions may take place, depending on 
the NO/NO2 ratio in the exhaust [13, 17]: 
 
            4 NH3 + 4 NO + O2 → 4 N2 + 6 H2O    (standard SCR),                                       (3) 
            4 NH3 + 2 NO + 2 NO2 → 4 N2 + 6 H2O    (fast SCR)                                           (4) 
4 NH3 + 3 NO2 → 3.5 N2 + 6 H2O   (slow SCR)                                            (5)  
 
In addition to these reactions, there are side reactions also taking place in the mixture of NOx, 
O2, H2O and NH3, such as N2O formation or NH3 oxidation to NOx. These side reactions have 
an influence on the selectivity for N2 [18].  
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2.1.2. NH3-SCR catalysts 
The first catalysts industrially used for SCR were based mainly on TiO2-supported V2O5, 
promoted with WO3 [13, 19]. Catalysts of this type have also been used since 2005 for heavy-
duty diesel vehicles in Europe [13]. Although the SCR technology based on vanadia catalysts 
has already been introduced into the market for diesel vehicles, there are some problems with 
that such as the high activity for oxidation of SO2 to SO3, the rapid decrease in activity and 
selectivity at temperatures above 550 °C, and the toxicity of vanadia species, which volatilize 
at temperatures above 650 °C [20, 21]. Hence, development of new types of SCR catalysts is 
still necessary. Among the new catalysts proposed are metal-exchanged zeolites and pillared 
clays, which have been in the spotlight in recent years. Some recent reports on high activity 
over zeolites containing narrow pores are promising with respect to future SCR applications [2, 
22].  
2.1.3. NH3-SCR mechanism 
The reaction mechanism for NH3-SCR has been discussed for many years, and several 
reaction schemes have been proposed [23-25]. A consistent reaction path, which can be applied 
to all metal ions capable of one-electron redox reaction, as iron- and copper-exchanged zeolites, 
vanadium oxide and other oxide-based catalysts, was recently proposed by Janssens et al. [18] 
and is shown in Figure 4. According to this reaction mechanism, NO and O2 (1) or NO2 (8) first 
react with a Cu+ site (A) to form a nitrate (B) or nitrite (C) species. The nitrate species is reduced 
by NO (2) to form a nitrite (C) species. The nitrite species react with ammonia to form nitrogen 
and water (4) and a Cu2+-OH- species (E), which in turn react with NO and ammonia to form 
water (6) and a Cu+-NONH2 species (G), which decompose to form nitrogen and water (7) and 
a Cu+ site (A), closing the catalytic cycle.  
 
 
Figure 4. Proposed reaction mechanism for the NH3-SCR reaction over a Cu-zeolite [18].  
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2.2. Zeolites 
2.2.1. History and practical use of zeolites 
Zeolites are crystalline nanoporous inorganic materials formed by TO4 tetrahedra (where the 
T-atom most often is Si and Al, but can also be P, B, Ge, Ti, Ga, Zn, etc.), which have well-
defined pore structures with a framework density not less than 20 T-atoms per 1000 Å [26]. 
The tetrahedron can be considered as a pyramid with a triangular base with the T-atom in the 
center and the oxygen atoms in corners and represents a primary building unit (PBU). It is often 
convenient then to imagine that tetrahedra are combined together in different ways to form so-
called secondary building units (SBUs). As an example, twelve tetrahedra can be connected by 
sharing vertices to form a double six-ring (d6r). And finally, different SBUs combine together 
to form different zeolite structures with well-defined channels and cavities with pore widths 
between 3 and 13 Å [27].  
Zeolites are classified into three different pore size categories based on the number of 
tetrahedral atoms, which make up the largest pore window within the zeolite framework [2]. If 
the largest pore window within the framework is an 8-member ring, then the zeolite is called a 
small-pore zeolite. Zeolites such as chabazite and zeolite A are small-pore zeolites, and the 
dimensions of their largest pore window are approximately 3.6 Å x 3.6 Å. Medium-pore zeolites 
such as ZSM-5 have 10-member ring windows within their framework that have dimensions of 
approximately 5.5 Å x 5.5 Å. The final group is large-pore zeolites, which have ring sizes of 
12 or higher. Examples are zeolite Beta and zeolite Y, which have ring dimensions of about 7.5 
Å x 7.5 Å.  
The amount of aluminum in the zeolite framework is one of the most important parameters 
that control the material properties of the zeolite. Silica (SiO2) in a tetrahedral framework has a 
neutral charge, whereas the corresponding alumina structure (𝐴𝑙𝑂2
−) is negatively charged, 
which has to be balanced by a counter ion. The role of counter ion can be played by alkali metal 
ions, hydrogen ions (protons), or larger metal ions. Changing the counter ion leads to changes 
of the physical and catalytic properties of the zeolite. The negative charge provided by 
aluminum in the framework also gives rise to hydrophilic properties of the zeolite. Being polar 
and having a large dipole, water molecules tend to attract to the negative sites in the zeolite 
framework. Hence, zeolites with high aluminum content are hydrophilic whereas zeolites with 
high silica content are hydrophobic. The higher the aluminum content in the zeolite, the higher 
the acidity [28], and this is important to consider when using zeolites as solid acid catalysts. 
The amount of aluminum in a zeolite is limited to 50% of the tetrahedral sites, therefore a 
minimum silica-to-alumina ratio (SAR) is 1. Two adjacent alumina species (Al-O-Al) are 
energetically unfavorable due to electrostatic repulsion of the negative charges. Therefore, 
alumina sites must be separated by at least one silica site in between. This is well-known as the 
Löwenstein rule [29].  
The discovery of zeolites dates to 1756 when the Swedish mineralogist Axel Fredrik 
Cronstedt observed the mineral stilbite emitting steam when being rapidly heated. For this 
reason the term zeolite was coined, which is derived from the two Greek words zeo, to boil, and 
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lithos, stone, and thus can be translated as boiling stone [30]. Since then, a lot of zeolite 
structures have been discovered, including natural zeolites, synthetic analogues of natural 
zeolites, and synthetic zeolites with no natural counterparts. The Structure Commission of the 
International Zeolite Association (IZA) has compiled the majority of the known zeolite and 
other molecular sieve structures and has assigned official three-letter mnemonic codes for the 
known structures. The code classifies only the topology of the framework and is independent 
of the actual composition of the zeolite; e.g. FAU, which describes faujasite, X, Y, and USY 
zeolites. One should remember that the code does not stand for a material, i.e., there is no such 
thing as, for example, an MFI zeolite. The IZA structure commission keeps an up-to-date 
record, in print and on the web, of all these framework types with many additional topological, 
structural, and chemical details. Currently this database contains 218 different structure-types 
and will be updated on the next, 18th International Zeolite Conference in 2016 [31]. However, 
only a few of those structure-types are of commercial interest and produced synthetically so far, 
viz. AEL, AFY, *BEA, CHA, EDI, FAU, FER, GIS, LTA, LTL, MER, MFI, MOR, MTT, 
MWW, TON, and RHO [32]. 
Although zeolites were discovered in the middle of the XVIII century, their large-scale, 
commercial application began not until two centuries later, in the 1950s. The first zeolite used 
in the oil refining industry was faujazite (FAU), which replaced the silica-alumina FCC (fluid 
catalytic cracking) catalyst, by the former Mobil Company [30]. Currently, being found to be 
superior in many catalytic processes including oil refinery and petroleum chemical processes, 
catalysts based on zeolites occupy about 27% of the global catalyst manufacturing market [33]. 
This is mainly thanks to that zeolite catalysts have many distinctive advantages such as regular 
pore system and large inner micropore surface area, contain both Brønsted and Lewis acid sites, 
have molecular sieve or shape-selective properties, and are amenable to modification or doping. 
Zeolites are widely used in e.g. hydrocarbon processing (FCC, hydrocracking, dewaxing), 
production of octane boosters (alkylation of C4, paraffin and olefin isomerization), upgrading 
hydrocarbons (aromatization of alkanes C6-C8, hydroprocessing including aromatics saturation 
and hydrodesulfurization). Zeolites also play an important role in ”gas-to-liquid” processes 
such as methane aromatization, C2-C4 aromatization and dehydrogenation, and in the Fischer-
Tropsch process. Zeolites Y (FAU) and Beta (*BEA) are traditionally used in aromatics 
alkylation with alkanes, alkenes and alcohols; zeolites ZSM-5 (MFI) and SAPO-34 (CHA) are 
conventional catalysts for the Methanol-to-Olefins and Methanol-to-Gasoline processes. 
Several important reactions are catalyzed by zeolites as well: isomerization (double bond shift, 
isomerization of tricyclic molecules, isomerization of terpenes, diverse rearrangements, 
conversion of aldehydes into ketones), electrophilic substitution in arenes (alkylation of 
aromatics, including the synthesis of linear alkylbenzenes, alkylation and acylation of phenols, 
heteroarenes and amines, aromatics nitration and halogenation), partial oxidation (aromatics to 
phenols by oxidation with N2O, ethylene to acetaldehyde by oxidation with O2, alkenes to 
epoxides by oxidation with H2O2 etc.) cyclization (formation of heterocycles, Diels-Alder 
reaction), nucleophilic substitution and addition, and also several examples of two-step and 
multi-step reactions [34]. Taking into account general trends in applied catalysis in recent 
decades, including close attention to the environmental concerns and legislative press for 
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reduction of NOx emissions [35-37], quite a number of zeolite-based catalysts have been 
implemented for NOx reduction in both stationary and mobile sources.  
Moreover, not limited only to catalysis, the use of zeolites lies also in a broad range of other 
applications as diverse as laundry detergents, adsorbents, gas separation, agriculture and 
horticulture, pigments, and jewelry [30].  
2.2.2. Synthesis of zeolites  
The synthesis route for zeolites varies from type to type, but frequently a structure-directing 
agent (SDA) is used during the synthesis. The SDA may be in the form of either organic or 
inorganic cation. The template can play two roles in directing the zeolite synthesis: firstly by 
promoting the formation of the desired building blocks in the gel [38], and secondly by acting 
as a hydrophobic pore filler to prevent dissolution and recrystallization of already formed 
zeolite crystals [39]. 
The SDA, therefore, is embedded within the pore structure of the growing zeolite crystals. 
Inorganic SDAs are attractive for industrial use due to their relatively low cost. Although being 
more expensive, organic SDAs are more selective in obtaining the desired zeolite topography. 
Moreover, some zeolites can only be synthesized using organic templates [2]. Since the alumina 
sites in the framework structure of the zeolit carry a negative charge, the structure-directing 
agent often acts as a counter ion in the framework to maintain the electroneutrality of the zeolite. 
In order to describe the composition and synthesis of a specific zeolite, a molar ratio formula 
x R: y Al2O3: z SiO2: w H2O                                                        (6)          
is generally employed, where ‘R’ represents the counter ion, structure-directing agent or 
template used. Depending on the zeolite desired, the synthesis requires a certain ratio of these 
components. The silica-to-alumina ratio is an important parameter to consider, since not all 
zeolites can be synthesized in the entire theoretical range of SARs available, i.e. 1 to ∞. By 
varying the synthesis conditions (i.e. temperature, time, pressure, pH, reactants, 
concentrations), different zeolite structures can be obtained. Zeolite synthesis is usually 
performed in autoclaves, under high pressure, which is created by increasing the temperature. 
The pH also plays an important role in the zeolite synthesis because different zeolites can be 
formed in different pH ranges.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Typical S-curve during zeolite synthesis, which shows the increase in pH along 
the reaction    path [2]. 
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Typically, throughout the zeolite synthesis process the pH increases as the reaction proceeds. 
This is caused by the incorporation of the cations into the zeolite framework and the residual 
hydroxyl ions, which are left in the synthesis solution. The typical S-curve of the pH during the 
zeolite synthesis is shown in Figure 5. 
2.2.3. Zeolite ZSM-5 (MFI) 
Zeolite ZSM-5 was first synthesized in 1972 by Argauer and Landolt. The acronym ZSM-5 
stands for Zeolite Socony Mobil–5 and hence the framework type MFI is derived from ZSM-
5 (five)) [40]. The ZSM-5 structure consists of several pentasil units composed of eight five-
membered rings with Al or Si atoms as the vertices, which are bonded with an O between each 
vertex. The pentasil units are connected together by oxygen bridges to form pentasil chains. 
Corrugated sheets with 10-ring holes are formed by the interconnection of pentasil chains by 
oxygen bridges. In turn, each 10-ring hole has Al or Si as vertices with an O bonded between 
each vertex. Each corrugated sheet is connected by oxygen bridges to form a structure with 
straight 10-ring channels running parallel to the corrugations and sinusoidal 10-ring channels 
perpendicular to the sheets. The pore size of the channels running parallel with the corrugations 
is 5.5 Å. The silica-to-alumina ratio ranges from 10 to infinity. The MFI framework structure 
is shown in Figure 6a.  
2.2.4. Zeolite SSZ-13 (CHA) 
Zeolite SSZ-13 was first synthesized by Stacey I. Zones in 1985 [41]. The acronym SSZ-13 
stands for Standard Oil Synthetic Zeolite-13 [42]. Zeolite SSZ-13 has the chabazite (CHA) 
framework structure, which is a member of a family of zeolites known as the ABC-6 family. 
The common feature for all members of this family is that they consist of layers of six–rings or 
double six-rings, arranged in a hexagonal array, interconnected by tilted four-rings [43]. Thanks 
to this arrangement, the large CHA cavities, which are accessible through a three-dimensional 
8-membered ring pore system, are formed. The pore openings for SSZ-13 are 3.6×3.6 Å. The 
CHA framework can be constructed at various Si/Al ratios ranging from 1 to infinity. However, 
the practically used Cu-SSZ-13 catalysts for SCR most often have Si/Al ratios between 6 and 
18 [43, 44].  The CHA framework structure is shown in Figure 6b.  
2.2.5. Zeolite Beta (*BEA) 
Zeolite Beta is an old zeolite discovered by Mobil, even before the "ZSM" naming sequence 
started. As the name implies, it was the second in the earlier sequence. Zeolite beta is disordered 
in the c-direction, so the well-defined layers are stacked more or less randomly. For the reason 
that no ordered material has been synthesized yet, the three-letter code is preceded by an asterisk 
to indicate that the framework type is an idealized end member of a series. [54] units are joined 
to one another via 4-rings to form layers with saddle-shaped 12-rings. Adjacent layers are 
related to one another by a 90° rotation, either clockwise or counter-clockwise. This rotation in 
different directions brings disorder to the structure. However, not depending on the stacking 
sequence, a 3-dimensional 12-ring channel system is formed with the pore openings 7.5×7.5 Å.  
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Figure 6. MFI (a), CHA (b) and *BEA (c) framework structures. Adapted from ZEOMICS, 
[46].  
Therefore, for catalytic applications the stacking sequence is normally not important, unless 
one wants to exploit the chirality of the channels in some way [45]. The silica-to-alumina 
ratio of zeolite beta ranges from 5 to infinity. The *BEA framework structure is shown in 
Figure 6c. 
2.2.6. Functionalization of zeolites 
Often for the catalytic purposes zeolites must be used in ion-exchanged form. There are some 
methods described in the open literature to introduce metals into the zeolite framework. In this 
section the most common methods will be discussed.  
 
1) Aqueous ion exchange (AIE) is the most common method for preparing metal-exchanged 
zeolites. In this approach, the zeolite in H- or NH4-form is added to an aqueous metal salt 
solution under constant stirring in inert atmosphere or air. After a certain time the mixture is 
filtered and the precipitate washed. These steps are usually repeated several times.  
However, sometimes it can be hard to make use of the full ion-exchange capacity of the 
zeolite due to several factors. For zeolites with high silica-to-alumina mole ratio, the ion-
exchange can be limited by the low alumina content in the zeolite framework, as the number of 
ion positions that can be utilized are few. Furthermore, for zeolites with narrow channels and/or 
for large and multivalent ions to be introduced, steric hindrance may limit the ion-exchange. In 
this connection, most of the transition metal cations are strongly solvated [47] and thus 
surrounded with hydration shells that enhance the steric hindrance of the solvated cation to 
enter narrow channels of the zeolite framework. Especially for iron, it has been reported [48] 
that complete ion-exchange is difficult due to limited diffusion of the hydrated cation into the 
zeolite pores, which instead results in increased tendency of iron to form iron oxide particles 
that might block the pores [13].  
 
2) Chemical vapor deposition (CVD) is known to be an efficient method to achieve high 
metal loadings. A metal salt with high vapor pressure, such as FeCl3, GaCl3, ZnCl2, or MoCl5, 
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sublimates into the channels of the zeolite in H-form at elevated temperatures. In the case of 
using chlorides, the catalyst has to be washed thoroughly after the exchange process to remove 
chlorine residuals and carefully calcined in order to avoid formation of metal oxide particles 
[13, 49, 50].  
 
3) Incipient wetness impregnation (WI) is relatively simple and thus has high potential for 
industrial implementation. In this method, the zeolite in H- or NH4-form is just saturated with 
a precise volume of the metal salt solution that contains all the amount of the metal precursor 
that is to be introduced into the zeolite channels. This procedure is followed by drying, where 
the solvent evaporates from the zeolite pores, while the metal species remain adsorbed inside 
[21, 51]. 
 
4) Solid-state ion exchange (SSIE) is also an easy method to apply on an industrial scale. 
Typically the conventional SSIE involves two steps, viz., physical mixing of the zeolite in H- 
or NH4-form with a metal salt by grinding or ball milling and calcination of the mixture at about 
700-800°C for several hours. The high temperature provides the energy required to decompose 
and convert the metal salt into a volatile metal species that can migrate into the micropores of 
the zeolite [49, 52, 53]. The main disadvantage of the conventional SSIE method is the need of 
high temperatures, which can lead to partial or even complete destruction of the zeolite 
framework structure. 
 
5) Solid-state ion-exchange facilitated by NH3 and NO ([NH3+NO]-SSIE) is an alternative 
low-temperature solid-state route for ion-exchange recently reported by Shwan et al.  [54]. In 
contrast to the conventional SSIE method that requires high temperatures, the authors show that 
copper-exchanged zeolites can be prepared by exposing a physical mixture of the copper oxide 
and zeolite to NH3 and/or NO already at 250
°C. In the presence of NH3, copper becomes mobile 
at low temperatures owing to the formation of [CuI(NH3)x]
+ (x ≥ 2) complexes. By adding NO 
during the NH3 treatment, the rate of migration of Cu into the zeolite structure is enhanced and 
therefore NO most likely assists the reduction of Cu(II) in CuO to Cu(I), which in turn forms 
the mobile [CuI(NH3)x]
+ complexes. Again, the [NH3+NO]-SSIE method involves only two 
operation steps in absence of an aqueous medium, whilst considerably lower temperatures can 
be used as compared to conventional SSIE in air.   
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Chapter 3 
Experimental methods 
3.1. Catalyst preparation 
3.1.1. Zeolite synthesis 
The zeolite synthesis from different points of view has been studied in this thesis. To start 
with, all the zeolites with the CHA framework structure used in this work were synthesized via 
hydrothermal synthesis using N,N,N-trimethyl-1-adamantanimonium hydroxide as the 
structure-directing agent (papers II-VI). Moreover, it was further shown that the synthesis of 
zeolites with CHA framework structure can be successfully performed both in hydroxide 
(papers II, III and VI) and fluoride media (papers IV and V). In paper VI it was also 
specifically shown that using boron oxide as a source of boron, instead of aluminum hydroxide 
as a source of aluminum, leads to the formation of a boron-substituted zeolite with CHA 
framework structure, which possesses interesting acidic properties.  
3.1.2. Functionalization of ZSM-5, SSZ-13 and BEA 
Several different methods for zeolite ion-exchange have been used in this thesis, in order to 
study how the method of ion-exchange influences the activity for selective catalytic reduction 
of NOx with ammonia. In paper I the functionalization of the H-ZSM-5 (SAR 40, AkzoNobel) 
sample with iron was performed by incipient wetness impregnation using iron ions with 
different valence (II and III) as precursors and different solvents (methanol and 50 wt.% 
methanol in water), and conventional aqueous ion-exchange using Fe(II) as precursor. Further, 
the following studies (papers II-V) were mainly based on the results from the previous one as 
the starting point for choice of the method of functionalization. In paper II Cu-SSZ-13 (CHA) 
was prepared by aqueous ion-exchange for the reason that AIE was shown to lead to the highest 
NH3-SCR activity among the studied samples in paper I. However, in papers III and V the 
solid-state ion-exchange method was used, in order to avoid solvation effects creating 
difficulties for performing proper aqueous ion-exchange for small-pore zeolites. In paper IV, 
the functionalization of H-BEA (SAR 38, Zeolyst International) with iron was performed using 
incipient wetness impregnation since in the previously reported studies on Fe-BEA prepared in 
our group this route was used [55, 56]. However, for the functionalization of H-BEA, Fe-BEA 
and H-CHA with copper we used the modified solid-state ion-exchange method where the ion-
exchange is facilitated by NH3 and NO ([NH3+NO]-SSIE), owing to the recently reported high 
efficiency of this method [54]. 
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3.1.3. Sample preparation for catalytic testing 
 
 
 
 
 
 
 
 
In paper I the prepared Fe-ZSM-5 samples were washcoated onto cordierite monolith 
substrates (Corning, 400 cpsi, 188 channels, L = 20 mm, d = 21 mm). The procedure for 
washcoating is described in details in paper I. In Figure 7 monolithic substrates coated with 
Fe-ZSM-5 are shown.  
In papers II-IV the catalysts were tested in flow reactor experiments in powder form, with 
the certain size of the particles between 300-365 µm, in order to avoid a large pressure drop. In 
order to get this fraction, the original powder sample was first pressed into a tablet, where after 
the tablet was crushed and the fraction of 300-365 µm was collected between the sieves having 
opening of the corresponding diameters.  
 
3.2. Continuous flow reactor system 
In this thesis two different reactor setups were used. In paper I the monolith reactor system 
was used. This setup is intended for experiments with washcoated monolith catalysts. In papers 
II-IV the powder reactor system was used, which is used for experiments with powder bed 
catalysts.  
3.2.1. Monolith reactor system. 
The monolith reactor system is schematically shown in Figure 8 and consists of a horizontal 
quartz tube (L=800 mm, d=22 mm) equipped with an insulated metal coil for resistive heating. 
The inlet gas and catalyst temperature were measured by two individual thermocouples placed 
10 mm in front of the catalyst and in the middle of the catalyst, respectively. The inlet gas 
temperature was controlled with a PID regulator (Eurotherm). The gas mixing system consists 
of separate mass flow controllers (Bronkhorst Hi-Tech) for NO, NH3, O2 and Ar. Water was 
added separately to the reactor system via a controlled evaporator mixer system (CEM, 
Bronkhorst Hi-Tech). The composition of the gas phase was analyzed by FTIR spectrometry 
(MKS 2000 FTIR spectrometer). The temperature programmed NH3-SCR experiments were 
performed in the standard SCR conditions of NH3:NO ratio 1:1 (400 ppm both), 8% O2, 0 or 
5% of water, and Ar as balance. The total gas flow was kept constant at 3,500 ml/min 
corresponding to a space velocity (GHSV) of 27,600 h-1. 
 
 
Figure 7.  Cordierite monolith substrates coated with Fe-ZSM-5. 
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3.2.2. Powder reactor system 
The powder reactor system is schematically shown in Figure 9 and represents a continuous 
gas flow reactor system, consisting of a vertically placed quartz tube (L=260 mm, d=4 mm) 
equipped with an insulated metal coil for resistive heating. The catalytic bed temperature was 
measured by a type K thermocouple and controlled by a PID regulator (Eurotherm). A quartz 
bed (h=70 mm) was placed first, and the catalytic bed (h=7 mm) was placed on the top of the 
quartz bed. The gas mixing system consists of separate mass flow controllers (Bronkhorst Hi-
Tech) for NO, NH3, O2 and Ar. Water was added separately to the reactor system via a 
controlled evaporator mixer system (CEM, Bronkhorst Hi-Tech). The inlet of the gas/water 
mixture to the reactor was placed 150 mm below the quartz bed. The composition of the gas 
phase was continuously analyzed by FTIR spectrometry (MKS 2030 FTIR spectrometer).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Schematics of the monolith reactor system. The flow of the incoming gases is 
regulated by separate mass-flow controllers. The composition of the effluent stream is 
analyzed with a Fourier transform infrared spectrometer.  
 
 
Figure 9. Schematics of the powder reactor system. The flow of the incoming gases is 
regulated by separate mass-flow controllers. The composition of the effluent stream is 
analyzed with a Fourier transform infrared spectrometer.  
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 The temperature programmed NH3-SCR experiments were performed in the standard SCR 
conditions of NH3:NO ratio 1:1 (400 ppm both), 8% O2, 0 or 5% of water, and Ar as balance 
whereby the sample temperature was increased stepwise from 150 to 500 °C with the interval 
25-50 °C and kept constant for a time enough to reach a steady-state regime. The heating rate 
between the temperature steps was 20 °C/min, and the temperature did not exceed the set-point 
by more than 5 °C before stabilization at each step. The total gas flow was kept constant at 300 
ml/min, which corresponds to a space velocity (GHSV) of 200,000 h−1.  
 
3.3. Sample characterization 
3.3.1. X-ray diffraction  
The structure of any non-amorphous material can be defined by regular, repeating planes of 
atoms forming a crystal lattice. A monochromatic X-ray beam, which is directed to such 
crystalline materials, interacts with these planes of atoms, whereby the beam is partly 
transmitted, partly absorbed, partly refracted and scattered, and partly diffracted. Depending on 
the type of atoms in the crystal lattice and their arrangement, the X-rays are diffracted in 
different ways [57]. Hence, the diffraction pattern can be used to determine the structure of a 
specific crystalline material. This technique is called X-ray diffraction (XRD). 
Bragg's Law is applied to calculate the distances between the planes of the atoms in the 
sample: 
 
n · λ = 2d · sinθ                                                                 (6) 
 
where n is the order of the diffracted beam and is always an integer, λ is the wavelength of the 
incident X-ray beam, d is the distance between adjacent planes of atoms, and θ is the angle of 
incidence of the X-ray beam. From the Bragg's Law one can calculate the d-spacings. The 
characteristic set of d-spacings generated by X-rays of a specific wavelength give a unique 
"fingerprint" of the studied material, and by comparison the results of the measurement with 
standard reference patterns one can identify a material given.  
For high-symmetry crystal systems the Rietveld refinement method can be used to solve the 
crystal structure from diffraction patterns. Both the line positions and intensities are interpreted 
by assigning each peak a Gaussian shape so that an overall line profile can be calculated. 
Usually, one starts with a trial structure, which gradually is modified by changing the atomic 
positions until the best fit is obtained.  
3.3.2. Scanning electron microscopy  
Scanning electron microscopy (SEM) uses a focused electron beam to create an image of the 
sample and achieves a resolution down to the nanometer scale [58, 59].  
The electron beam is created by an electron gun and focused onto the sample via a system 
of magnetic lenses. When the electrons hit the sample, a number of different interactions occur. 
Some electrons do not interact at all, or are just scattered a relatively small angle from the initial 
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beam path. Electrons which are generated as an ionization product by the incoming electron 
beam are called secondary electrons. They are used in SEM to map the surface structure of the 
sample. Using the secondary electrons for SEM imaging one can obtain an image which shows 
the structure of the sampled surface but it does not contain further information about the 
chemical composition of the sample. The contrast of SEM images does not indicate an absolute 
height but a relative height compared to the surrounding area. The backscattered electrons are 
electrons which are reflected due to inelastic scattering with atoms of the sample. The scattering 
cross section increases with the atomic number. This characteristic can be used to map areas 
with different chemical compositions; hence heavy elements will appear brighter than light 
elements. 
The interaction of the electron beam with the atoms in the sample also causes excitation of 
atoms. This results in the radiation of characteristic X-rays by the different specimen atoms. 
The energy-dispersive X-ray spectroscopy (EDS) analyses this characteristic X-rays to 
determine the general chemical composition of a given area and can also be used to map the 
distribution of individual elements.  
3.3.3. Transmission electron microscopy  
Transmission electron microscopy (TEM) is analogous to optical microscopy however with 
electromagnetic instead of optic lenses. In a TEM an electron beam with high energy and 
intensity is created and passed through a condenser before hitting the sample. The condenser 
produces parallel rays which are focused on the sample. The electrons transmitted through the 
sample give a projection of the samples mass which is magnified by the electron optics to 
produce a so-called bright field image. Electrons from the diffracted electron beams are used to 
form a so-called dark field image.  
Scanning transmission electron microscopy (STEM) is based on the principle of TEM. 
However, by scanning a focused beam of electrons across the sample in a raster pattern a virtual 
image is built. The rastering of the beam across the sample makes the STEM suitable for 
analysis techniques such as mapping by energy-dispersive X-ray spectroscopy (EDS) and 
electron energy loss spectroscopy (EELS). These signals can be obtained simultaneously, 
allowing direct correlation of image and quantitative data. 
3.3.4. X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) can give valuable information about the surface of 
a material [2, 59]. XPS spectra are obtained by irradiating the material with a monochromatic 
X-ray beam while simultaneously measuring the kinetic energy and number of photoelectrons, 
which are emitted from the top (0 to ~1 μm) layers of the sample, under ultra-high vacuum 
(UHV) conditions.  
XPS can generally be used to measure the elemental composition of the surface, empirical 
formula of pure materials, elements that contaminate the surface, chemical or electronic state 
of each element in the surface, and uniformity of elemental composition across the top surface. 
The energy of X-rays with a particular wavelength is known. Hence, the binding energy of each 
of the emitted electrons can be determined from the energy conservation law: 
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Ek = hν – (Eb + φ),                                                               (7) 
 
where Ek is the kinetic energy of the photoelectron, h is Planck’s constant, ν is the frequency of 
the exciting radiation, Eb is the binding energy of the photoelectron with respect to the Fermi 
level of the sample, and φ is the work function of the spectrometer (constant for the spectrometer 
given).  
A typical XPS spectrum is a plot of the number of electrons detected (i.e. intensity) versus 
the binding energy of these electrons. Each element gives a characteristic set of XPS peaks at 
characteristic binding energy values. These characteristic peaks correspond to the electron 
configuration of the electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected 
electrons in each peak is proportional to the amount of the element within the area irradiated.  
3.3.5. Temperature programmed desorption of ammonia  
Temperature programmed desorption (TPD) is a procedure used to examine the desorption 
of a probe gas from a material [60]. The technique involves exposing the sample to the probe 
gas to be adsorbed until saturation, followed by heating the sample and simultaneously 
detecting the amount of desorbed probe gas by any available technique, for instance Fourier 
transform infrared spectroscopy (FTIR) or mass spectrometry (MS). As the temperature is 
increased, the absorbed species will achieve sufficiently high energy to desorb and then will be 
detected. This results in one or several desorption peaks in the gas concentration versus time 
plot. The temperature of the peak maxima provides information on the binding energies of the 
bound species. 
In this thesis temperature programmed desorption of ammonia (NH3-TPD) was performed 
to study the adsorption strength and the number of available sites for ammonia adsorption on 
the surface of the samples studied. 
3.3.6. Nitrogen sorption 
Nitrogen adsorption is used to measure the surface area and pore volume of a material. Here 
the physisorption of nitrogen molecules on the material is measured at a constant temperature 
over a range of pressures to form an adsorption isotherm. By measuring both the adsorption and 
desorption isotherm for the material given, one can determine the surface area, pore volume, 
and pore size distribution of the material [2, 61]. Information about the pore structure of the 
material can be concluded already from the isotherm type. The IUPAC classifies six different 
forms of adsorption isotherms [4]. This classification is based on the different pore dimensions 
and adsorption capacities of the materials. Examples of the different adsorption isotherms are 
shown in Figure 10. An adsorption isotherm of type I shows the typical sorption behavior of 
microporous materials. At low relative pressure a steep increase of adsorption of the adsorbate 
can be seen. This reflects the filling of micropores. Afterwards, when the surface is entirely 
covered with the adsorbate, the isotherm proceeds in a horizontal plateau. Type II describes a 
system with multilayer adsorption after reaching the monomolecular adsorbate layer at a certain 
point, up to the condensation taking place at p/p0=1.  
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Materials without relative large pores (mesopores) show total reversibility during desorption of 
the adsorbate (i.e. types I, II, and III). However, mesopores cause a hysteresis between the 
adsorption and desorption isotherms (types IV and V). Types III and V show an increase of the 
adsorption at higher relative pressures due to weak adsorbate-adsorbent interactions. Type VI 
shows the gradual formation of individual adsorbate layers, which stem from a multimodal pore 
distribution.  
In general, data for the microporous materials is obtained at low pressures (P/P0 ≤ 0.2), 
whereas the mesoporous region is located at pressures between P/P0 ~ 0.2-0.8 [2]. In order to 
calculate the specific surface area of materials, the BET method is frequently applied [62].   
However, in the BET method some assumptions are made, which, strictly speaking, are not 
compatible with the microporous materials. However, although the surface area obtained by 
applying the BET method for adsorption isotherms on microporous solids does hardly reflect 
the true internal surface area, it still can be used for empirical comparison of results [61]. 
3.3.7. Inductively coupled plasma-atomic emission spectrometry  
Inductively coupled plasma-atomic emission spectrometry (ICP-AES) is widely regarded as 
the most versatile technique for quantitative analysis within chemistry [63]. Using this method 
one can monitor up to 50 elements simultaneously for minor- and trace- levels. First, the sample 
must be dissolved in, for instance, aqua regia, where after the solution is pumped to the 
spectrometer to become atomized with argon into a hot plasma. The plasma produces 
temperatures about 7000 °C, which enable excitation of the outer-shell electrons of the elements 
in the sample. The sample is excited, emitting light wavelengths characteristic of its elements. 
A mirror reflects the light through the entrance slit of the spectrometer onto a grating separating 
the element wavelengths onto photomultiplier detectors. When the excited electrons return to 
the ground state, photons of light with an energy characteristic of the element are emitted. 
Because the sample usually contains a mixture of elements, a spectra of wavelengths is emitted 
simultaneously. The spectrometer uses a grating to disperse the light, separating the particular 
element emissions and directing each to a photomultiplier tube detector. The intensity of the 
 
Figure 10. The six major adsorption isotherm classifications according to IUPAC [4]. 
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light is directly proportional to the concentration of the element. Special software is used to 
convert the electronic signal from the photomultiplier tubes into concentrations.  
3.3.8. X-ray fluorescence  
X-ray fluorescence (XRF) is the emission of characteristic "secondary" (or fluorescent) X-
rays from a material that has been excited by bombarding with high-energy X-rays. This 
technique is widely used for elemental and chemical analysis [64].  The analysis of major and 
trace elements by X-ray fluorescence is made possible by the behavior of atoms when they 
interact with radiation. So, when materials are excited with X-rays, they become ionized. The 
atoms in the sample absorb X-ray energy by ionizing, ejecting electrons from the lower (usually 
K and L) energy levels, where after the ejected electrons are replaced by electrons from outer 
orbitals with higher energy. This is accompanied by releasing of energy, due to the decreased 
binding energy of the electron in the inner orbital compared with an outer one. The emitted 
radiation has lower energy than the primary incident X-rays and is named fluorescent radiation. 
The energy of the emitted photon is characteristic of a transition between specific electron 
orbitals in a particular element. Thanks to this, the resulting fluorescent X-rays can be used to 
detect the abundances of elements in the sample [65]. 
3.3.9. Ultraviolet-visible light spectroscopy  
Ultraviolet/Visible spectroscopy (UV-Vis) is used to observe electronic transitions between 
molecular orbitals [2]. In this technique the sample is exposed to high-energy electromagnetic 
radiation and a detector is used to measure the absorbance at different wavelengths of light. For 
measurements of UV-Vis spectra for solid samples an integrating sphere is used in order to 
collect the scattered light from the solid samples and direct it into the detector. The Kubelka-
Munk equation can be used to convert the obtained UV-Vis spectrum from transmittance or 
absorbance units into Kubelka-Munk units, which is a more accurate representation of solid 
samples due to their scattering tendency. The Kubelka-Munk equation is as follows [2]: 
 
F(R∞)=
K
S
=
(1−R∞)2
2R∞
,                                                           (9) 
 
where K is the adsorption coefficient, S is the scattering coefficient, and R∞ is the diffuse 
reflectance of the sample when the layer is of infinite thickness. 
3.3.10. Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei in a magnetic 
field absorb and re-emit electromagnetic radiation. This energy is at a specific resonance 
frequency dependent on the strength of the magnetic field and the magnetic properties of the 
isotope of the atoms. NMR allows the observation of specific quantum mechanical magnetic 
properties of the atomic nucleus.  
Solid-state NMR (SSNMR) spectroscopy is a kind of NMR spectroscopy, characterized by 
the presence of anisotropic (directionally dependent) interactions. A spin interacts with 
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a magnetic or an electric field. Spatial proximity and/or a chemical bond between 
two atoms can give rise to interactions between nuclei. In general, these interactions are 
orientation dependent. In media with no or little mobility (e.g. crystals, powders, large 
membrane vesicles, molecular aggregates), anisotropic interactions have a substantial influence 
on the behavior of a system of nuclear spins. In contrast, in a classical liquid-state NMR 
experiment, Brownian motion leads to an averaging of anisotropic interactions. In such cases, 
these interactions can be neglected on the time-scale of the NMR experiment. 
3.3.11. Fourier transform infrared spectroscopy  
Fourier transform infrared spectroscopy is used as part of the reactor setups in this thesis to 
detect gas molecules in the outlet of the reactor, as well as diffuse reflectance infrared Fourier 
transform spectroscopy is used as a separate characterization technique.  
Molecules or solid lattices vibrate when gaining energy because of absorption of photons or 
by scattering of photons, electrons or neutrons. Infrared spectroscopy is the most common form 
of vibrational spectroscopy and falls into three categories, where the vibration frequency of 
molecules which lays in the range 200-4000 cm-1 is the one used in this work. The type of bond 
and the masses of the atoms in the molecule are the properties which affect the energy difference 
between the vibrational states, where the vibrational frequencies increase with increasing bond 
strength and with decreasing mass of the vibrating atoms. Molecules vibrate due to absorption 
of photons only if the dipole moment of the molecule changes during the vibration. Molecules 
without a changing dipole moment (e.g. N2, O2, and H2) cannot be detected using IR 
spectroscopy. By irradiating a sample with infrared radiation one obtains a spectrum over the 
photons that are not absorbed by the sample as a function of photon energy, given as 
wavenumber or frequency.  
Several forms of infrared spectroscopy exist, where one of the most common techniques is 
diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS), which is used to 
identify adsorbed species on the surface of a sample. Diffusely scattered radiation is collected 
by parabolic mirrors and makes it possible to qualitatively measure the vibrational modes of 
the adsorbed species on the surface. The technique is possible to perform in-situ which provides 
time-resolved information about changes in surface species caused by changes in reaction 
conditions.  
In infrared spectroscopy electrons in bonds between atoms are excited by electromagnetic 
radiation that provides enough energy for transition between vibrational states. This technique 
takes advantage of the fact that molecules absorb radiation at specific frequencies characteristic 
of their molecular structure [2]. Therefore one can differentiate between the various gas phase 
molecules by the wavelength of light that they adsorb. The excitation of these molecules is 
performed by using of an IR beam and a monochromator, which separates the IR radiation 
according to wavelength so that the entire IR wavelength region can be scanned.  
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Chapter 4   
Results and discussion 
 
4.1. Zeolite synthesis 
4.1.1. Impact of amount of template used for the zeolite synthesis 
In general, for the synthesis of SSZ-13 (CHA) the SDA based on N,N,N-trimethyl-1-
adamantanimonium cation-containing compounds (most often, hydroxide or iodide) has been 
shown superior and prevails to be used in relatively high concentrations [22, 31, 66-68]. This 
SDA is however expensive and thus, to improve the synthesis economy and facilitate 
commercialization of the SSZ-13 zeolite, reducing the amount of SDA during the zeolite 
synthesis would be desirable [69]. 
In paper II zeolite SSZ-13 was synthesized based on the method reported by Zones [31, 41]. 
However, two important changes of the synthesis route were made, i.e. the use of 25 % lower 
amount of the structure-directing agent N,N,N-trimethyl-1-adamantanimonium hydroxide and 
increased synthesis time.  
The calculated yield was 65 % of the SSZ-13 based on TO2. It is just 9 % lower than yield 
of the product obtained by Zones [31], notwithstanding the use of 25 % lower amount of SDA 
in the present study. This clearly shows that the synthesis of SSZ-13 can significantly be 
improved, in order to achieve higher relative yield of the zeolite (based on the ratio between the 
mass of the final product and the mass of the used SDA). The possibility to further optimize the 
parameters of the synthesis has also been investigated. It was found that it is possible to prepare 
SSZ-13 in 6 days using 15% less amount of SDA that was used in the original receipt by Zones. 
Moreover, we also prepared SSZ-13 in 14 days using 25% less amount of SDA than from the 
original receipt.  
 
4.1.2. Boron incorporation into the zeolite framework structure 
In paper VI the possibility of zeolite framework T-atom substitution (using substitution of 
Al with B as an example) was studied and discussed. It was shown that using the same molar 
composition in the preparation batch and the same temperature conditions as for the synthesis 
of SSZ-13, based on it is possible to form a zeolite also having the CHA framework structure 
but with of Si and B as T-atoms.  
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The evidence for incorporation of boron into the tetrahedra is based on SEM imaging, X-ray 
diffraction data, and 11B NMR spectroscopy. First, scanning electron microscopy showed the 
typical cubic-shaped morphology for the chabazite structure. Furthermore, the powder X-ray 
diffractogram showed only peak reflections characteristic for the CHA framework structure. 
No clearly pronounced additional peaks were found. Rietveld refinement of the high-resolution 
X-ray diffractogram revealed unit cell parameters a and b for the B-CHA sample equal to 13.45 
and 14.66 Å, respectively. These parameters are smaller than for normal corresponding 
siliceous-based chabazite (i.e. a=13.68 and b=14.77 Å [46]). This is in accordance with 
different ionic radii of tetrahedrally cooridated boron (0.11 Å) compared to silicon (0.26 Å).  
The 11B MAS NMR spectrum of the as-synthesized B-CHA sample revealed mainly two 
narrow and sharp peaks at -3.1 and -3.9 ppm (Figure 11). These peaks are characteristic for BO4 
sites within a crystalline framework based on their shift and small quadrupolar coupling 
interaction. The broad pattern at about 20 ppm indicates some BO3 sites also being present in 
the sample.  
The nitrogen adsorption isotherm shows the typical shape for microporous materials where 
at low relative pressure, when micropores are refilled, a steep increase of the isotherm can be 
seen, however when the surface is fully covered with the adsorbate, the isotherm proceeds in a 
horizontal plateau. The measured BET surface area for the B-CHA sample was determined as 
533 m2/g, and the measured pore volume was determined as 0.24 ml/g. These values of the 
measured BET surface area and pore volume of B-CHA are lower in comparison with the ones 
of Al-CHA (611 m2/g and 0.29 ml/g, respectively, [13]). Finally, the determined silicon-to-
boron ratio from ICP-AES analysis was equal to 25 because of the usual difficulties of 
incorporating boron beside silicon and obtaining a boron-containing zeolite with silicon-to-
boron ratio below 10 [70].  
It is well-known that the acid strength of a zeolite depends mainly on the type of heteroatom 
associated with the acid site and secondarily on the topology and the silica-to-metal oxide ratio 
[70]. Hence, one would expect the acidity of the B-CHA sample to be lower than of the Al-
 
Figure 11. 11B magic angle spinning nuclear magnetic resonance spectrum of the 
synthesized B-CHA sample.  
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CHA sample. In order to study that, NH3-TPD experiments were performed using 
microcalorimetry. An exotherm was recorded when the sample was exposed to NH3. The 
maximum of the exotherm was 2.6 mW which was reached almost simultaneously as NH3 could 
be observed in the gas outlet. The magnitude of the heat signal corresponds to an average heat 
of adsorption of -72 kJ/mol. This value is lower than -114 kJ/mol for Al-CHA [71] indicating 
lower acidity of the B-CHA sample compared to Al-CHA.  
Modifying the zeolite acidity is in particular interesting for controlling ammonia adsorption 
in the applications in which too strong acidity negatively influences the catalytic reaction route, 
e.g. by poisoning by the adsorption of the basic reactant and/or product, as well as for some 
adsorption processes [72, 73].  
Unfortunately, the ion-exchange capacity of the B-CHA zeolite prepared in Paper VI is 
limited since the amount of boron tetrahedra in the zeolite structure is low. For example, for the 
synthesized B-CHA sample the maximum level of ion-exchange with copper that could be 
reached was about 1%. However, for the most active copper-exchanged zeolites in NH3-SCR 
normally the ion-exchange level should be at least higher than 2-3%, and here one can find 
some room for improvement. However, since the flexibility in the possible range of silica-to-
alumina ratios that can be obtained under fluoride conditions is generally higher than under 
hydroxide conditions, synthesis of B-CHA zeolite in fluoride medium might lead to lower 
silicon-to-boron ratio and help to overcome the limitations of low ion-exchange capacity.  
 
4.2. Effect of method of functionalization 
In paper I the effect of method of functionalization has been proven to play an important 
role for the NH3-SCR reaction over different Fe-ZSM-5 (MFI) samples prepared by incipient 
wetness impregnation using iron ions with different valence (II and III) as precursors and 
different solvents (methanol and 50 wt.% methanol in water), and conventional aqueous ion 
exchange using Fe (II) as precursor.  
In papers II-V we used different methods for ion-exchange in each separate study. First we 
started with the aqueous ion-exchange to obtain Cu-SSZ-13 (CHA) as AIE has led to the highest 
NH3-SCR activity among the Fe-ZSM-5 samples in the paper I. However, because of the 
difficulties with aqueous ion-exchange for small-pore zeolites, such as steric hindrance of the 
solvated multivalent cations to enter narrow zeolite channels solid-state ion-exchange the 
solvation effect is avoided, was used in papers III and V. In paper IV the modified solid state 
ion-exchange method where ion-exchange is facilitated by NH3 and NO ([NH3+NO]-SSIE), 
was used, owing to the reported recently high efficiency of this method.  
In Figure 12 the NOx conversion during NH3-SCR for H-ZSM and the different Fe-ZSM-5 
samples prepared by incipient wetness impregnation using Fe(NO3)3 as iron precursor and 
either methanol or 50 wt% methanol in water as solvent (Fe-Z1 and Fe-Z2 respectively), and 
conventional aqueous ion-exchange using FeCl2 as iron precursor (Fe-Z3) is shown.  
It can be concluded that the method of functionalization plays an important role for the NH3-
SCR activity, since the catalytic activity varies to a large extent for the different samples. The 
H-ZSM-5 sample shows just negligible activity for NH3-SCR. The highest activity among the  
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studied catalysts is shown by the Fe-Z3 sample, which was prepared by aqueous ion-exchange 
using Fe (II) salt as precursor. The impregnated samples show lower activity, and presence of 
water in the solution for wetness impregnation is beneficial for NH3-SCR activity (Fe-Z2 
sample prepared by wetness impregnation in 50 wt.% methanol in water), while the Fe-Z1 
sample, which is impregnated in presence methanol only, shows much lower NH3-SCR activity.  
The low NH3-SCR activity for the Fe-Z1 sample is caused by high NH3 oxidation activity 
for this sample (see Figure 13). Over this sample, ammonia is consumed mainly by reaction 
with O2 rather than by reaction with NO according to the NH3-SCR reaction.  
 
Figure 13. NH3 conversion during NH3 oxidation (cooling ramps from 500 to 150 °C) in 400 
ppm NH3, 8% O2, 5% H2O, Ar (balance), GHSV=27,600 h
-1 over the H-ZSM-5 and the prepared 
Fe-ZSM-5 samples. 
 
 
Figure 12. NOx conversion during NH3-SCR (cooling ramps from 500 to 150 °C) in 400 ppm 
NO, 400 ppm NH3, 8% O2, 5% H2O, Ar (balance), GHSV=27,600 h
-1 over the H-ZSM-5 and 
the Fe-ZSM-5 samples prepared by incipient wetness impregnation using Fe(NO3)3 as iron 
precursor and either methanol (Fe-Z1) or 50 wt% methanol in water (Fe-Z2) as solvent, and 
conventional aqueous ion-exchange using FeCl2 as iron precursor (Fe-Z3). 
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Figure 14.  Deconvoluted Fe 2p3/2 X-ray photoelectron spectra for the prepared Fe-ZSM-5 
samples. Experimental data (black dots), Gaussian fit Fe2+ (pink line), Gaussian fit for Fe3+ 
(green line), sum of the fitted Fe2+ and Fe3+ components (blue line), and baseline for the 
Gaussian peaks (red line).   
 
Further, XPS analysis was performed in order to study what types of species are responsible for 
NH3-SCR and for the NH3 oxidation reaction. The peak deconvolution results (see Figure 14 
and Table 1) and comparison of these results with the catalytic activity results indicate that Fe2+ 
species promote the NH3-SCR reaction, which Fe
3+ species rather promote the NH3 oxidation 
reaction. 
 
Table 1. Relative amount of Fe2+ and Fe3+ in the prepared samples. 
 
Sample 
 
Fe2+, % 
(B.E. 709.9 eV) 
 
Fe3+, % 
(B.E. 711.1 eV) 
Fe-Z1 30 70 
Fe-Z2 49 51 
Fe-Z3 53 47 
 
In paper IV studies of copper-exchange of SSZ-13 also revealed an important role of the 
method of preparation. In Figure 15 NOx conversion profiles during NH3-SCR over the copper-
exchanged chabazite samples (with copper loading 2-4%) prepared by different routes are 
shown. The Cu-CHA samples prepared by SSIE show lower activity than the sample prepared 
by AIE, and the most active catalysts are the samples prepared by [NH3+NO]-SSIE. However, 
it should be noted that although the low-temperature activity for the Cu-CHA sample prepared 
by AEI is higher than for the Cu-CHA sample prepared by SSIE, at higher temperatures the 
activity of the former declines, due to presence of extra-framework copper oxide clusters which 
likely are formed due to the steric hindrance effect during aqueous ion-exchange and 
responsible for the side reaction of NH3 oxidation. Due to the same reason, the high-temperature 
activity for almost all other samples declines. However, for the 2 wt.% Cu-CHA sample 
prepared by [NH3+NO]-SSIE and for the 2.7 wt.% Cu-CHA sample prepared by SSIE the NOx  
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conversion does not decline at these temperatures. Most likely, it is because the amount of CuO 
in the original mixture is just enough for almost all the copper species to be introduced into the 
zeolite structure, and no extra-framework copper oxides clusters were formed. This leads us to 
the conclusion that the most suitable method for copper-exchange of SSZ-13 would be 
[NH3+NO]-SSIE and one should aim to have about 3% Cu, in order to achieve higher low-
temperature activity without deterioration of the SCR activity at high temperatures. 
However, two of the most interesting questions are why the [NH3+NO]-SSIE method results 
in the preparation of the most active catalyst and what type of copper species are responsible 
for such high activity?  
In paper V the SSIE and [NH3+NO]-SSIE ion-exchanged Cu-CHA samples were 
characterized by DRIFTS using, in particular, NO as probe molecule, with the aim to get 
insights into the location and oxidation state of the Cu species in the zeolite micropores. In 
Figure 16 in situ DRIFT spectra of the SSIE and [NH3+NO]-SSIE ion-exchanged Cu-CHA 
samples are shown during exposure to NO at 20 °C. NO can be used as a probe molecule for 
both Cu2+ and Cu+ species. The absorption peak centered at 2150 cm-1 is assigned to NO+ bound 
to Cu+ after autoreduction of Cu2+ species by NO [74]. The peaks in the range of 1890-1949 
cm-1 correspond to NO bound to Cu2+ species [74-76] while the peaks at 1808 cm-1 are 
associated with NO bound to Cu+ species [74]. The relative peak intensities change with 
increasing NO exposure. Likely, this is owing to both kinetic effects during adsorption of NO 
and multiple chemical reactions that can take place upon NO adsorption on the copper sites 
altering their oxidation state. Therefore, it is most feasible to perform an estimation of the 
fraction of the Cu+ and Cu2+ species present in the samples after a short time of NO exposure 
as displayed in Table 2.  
 
Figure 15. NOx conversion profiles during NH3-SCR over the Cu-CHA samples prepared by 
different ion-exchange routes. The temperature programmed NH3-SCR experiments were 
performed using standard SCR conditions, 400 ppm NO, 400 ppm NH3, 8% O2, 5% of water, 
and Ar as balance whereby the sample temperature was increased stepwise from 150 to 500 
°C with the interval 25-50 °C and kept constant for a time enough to reach a steady-state 
regime. 
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Figure 16. In situ DRIFT spectra of the SSIE and [NH3+NO]-SSIE ion-exchanged Cu-CHA 
samples during exposure to NO at 20 °C. The red color corresponds to the highest, and blue to 
the lowest intensities.  
 
Table 2. Estimated fraction of Cu+ and Cu2+ species present in the samples, as derived from 
analyzing the NO-DRIFT spectra at 7s of NO exposure. 
 
Method of IE  Fraction of Cu+ species Fraction of Cu2+ species 
SSIE 0.10 0.90 
[NH3+NO]-SSIE 0.35 0.65 
 
The fraction of Cu+ species is observed to be highest (ca. 35%) in the sample prepared using 
[NH3+NO]-SSIE while the sample ion-exchanged by SSIE exhibits the lowest fraction of Cu
+ 
species (ca. 10%). Therefore, an increase of the number of Cu+ species is consistent with the 
trend of increase in activity for NH3-SCR, and the Cu
+ species are most likely key species 
providing high NH3-SCR activity.  
 
4.3. Effect of type of exchanged metal on catalytic 
performance 
4.3.1. Ion-exchange of iron or copper in SSZ-13 
Generally copper-exchanged zeolites show higher NH3-SCR activity at lower temperature 
and vice versa, iron-exchanged zeolites are more active for NH3-SCR at high temperatures, 
while zeolites in proton or sodium form are almost not active [52]. However, since zeolites with 
CHA framework structure are zeolites with small pore openings, ion-exchange with iron is 
difficult to perform to the full extent and without formation of iron oxide clusters on the surface 
and as the result, blocking the pores and promoting NH3 oxidation activity, and hence 
deteriorating NH3-SCR activity. It is also noticeable that we observed that the presence of water 
influences the activity over copper- and iron-exchanged SSZ-13 differently.  
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In paper II catalytic activity for NH3-SCR over Na-SSZ-13, Cu-SSZ-13 and Fe-SSZ-13 
samples, both in presence and absence of water, was studied (see Figure 17). In the absence of 
water, the Na-SSZ-13 sample shows minor NOx reduction, reaching the highest conversion of 
only 5 % at 500 °C. However, for the iron- and copper-exchanged SSZ-13 samples the NOx 
reduction is much higher. For the Cu-SSZ-13 sample, the NOx reduction is particularly high at 
low temperatures resulting in almost complete NOx conversion (98 %) at 250-300 °C. The Fe-
SSZ-13 sample shows relatively low NOx reduction at low temperatures (below 300 °C) but at 
higher temperatures the NOx reduction increases considerably, reaching 62 % at 500 °C.  
The presence of water affects the catalytic behavior. The minor NOx reduction observed for 
the Na-SSZ-13 sample in absence of water is suppressed to negligible levels when water is 
present. In the case of the Cu-SSZ-13 sample, water suppresses the activity at low temperatures, 
with a maximum of 88 % at 300 °C, however at temperatures above 400 °C the activity for NOx 
reduction in presence of water is higher than in absence of water. In contrast, the Fe-SSZ-13 
sample shows higher activity for NOx reduction in the presence than in the absence of water. 
With the present conditions this is valid for all temperatures studied. As a result, the NOx 
conversion for the Fe-SSZ-13 sample reaches 75 % at 500 °C. Hence, the presence of water has 
a strong positive effect for the NH3-SCR activity over the iron-exchanged sample. It should 
also be noticed that a so-called overconsumption of NH3 [77] was observed, especially at high 
temperatures (above 300 °C). This is explained by NH3 oxidation (i.e. oxidation of NH3 by O2), 
a side reaction occurring at these reaction conditions and manifested especially at high 
temperatures.  
 
 
Figure 17.  NH3 and NOx conversion during NH3-SCR in presence (solid lines) and absence 
(dashed lines) of water for the following samples: Na-SSZ-13 (black lines with squares), Fe-
SSZ-13 (red lines with circles) and Cu-SSZ-13 (blue lines with the stars). All samples were 
exposed to 400 ppm NH3, 400 ppm NO, 0 or 5 % H2O and 8 % O2 in Ar (balance) at 150, 200, 
250, 300, 400 and 500 ⁰C for 45 min for each step. GHSV=205,000 h-1. 
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4.3.2. Sequential ion-exchange of iron and copper in Beta 
As one can see from the previously shown results that although Cu-SSZ-13 prepared by 
[NH3+NO]-SSIE already has shown advantages as NH3-SCR catalyst, there are some 
challenges to face with, in order to further improve its catalytic performance, in connection with 
more stringent vehicle emission regulations expected in the near future. First, enhanced low-
temperature activity for the Cu-SSZ-13 catalyst is still required. Secondly, due to the small size 
of the pores of the SSZ-13, pore diffusion limitations have been found for this catalyst. 
One approach to overcome these issues is preparing a zeolite-based SCR catalyst taking 
advantage of using both metals (Cu, which would be responsible for low-temperature activity, 
and Fe, which would be responsible for high-temperature activity) and having larger pores.  
We implemented this approach and prepared sequentially exchanged (Fe+Cu)-BEA zeolite. 
The reasons of the choice of zeolite beta (*BEA) as the starting zeolite material were as follows. 
Firstly because Cu-BEA and Fe-BEA have shown high activity for NH3-SCR [78-81]. 
Moreover, BEA is a large-pore zeolite so we can reduce steric hindrance effects, which might 
take place during the ion-exchange in case of small- and even medium-pore zeolites where the 
cations exchanged at the first stage of post-synthesis treatment can block the pores and prevent 
the second cation to be introduced into the zeolite. 
 
Figure 18. Conversion of NO as function of the temperature over the ion-exchanged Fe-BEA, 
Cu-BEA and (Fe+Cu)-BEA samples. The temperature programmed NH3-SCR experiments 
were performed using standard SCR conditions, 400 ppm NO, 400 ppm NH3, 8% O2, 5% of 
water, and Ar as balance whereby the sample temperature was increased stepwise from 150 to 
500 °C with the interval 25-50 °C and kept constant for a time enough to reach a steady-state 
regime.  
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The NH3-SCR activity results for the sequentially exchanged (Fe+Cu)-BEA samples are 
shown in Figure 18. One can see that the addition of Cu to the Fe-containing BEA samples has 
a considerable beneficial effect on the catalytic properties. All the Fe-exchanged BEA samples 
have in general lower SCR activity at lower temperatures and higher SCR activity at higher 
temperatures. Vice versa, Cu-BEA samples are in general more active at lower temperatures 
but their activity declines at higher temperatures. After adding Cu to Fe-BEA samples using 
[NH3+NO]-SSIE, the low-temperature activity increases and the high-temperature activity 
decreases, however not as drastically as for the pure Cu-BEA samples. Comparing the NH3-
SCR activity results with the results from the study by Boron et al. where also (Fe+Cu)-BEA 
samples were prepared but using simultaneous ion-exchange with both cations [4], the NO 
conversion at 150 °C over the (1% Fe+1% Cu)-BEA sample in the present study is higher (28 
compared to 13%) despite more than ten times higher GHSV. Moreover, the conversion at high 
temperatures is 20-30 percentage higher than for the corresponding sample in the study by 
Boron et al. [82]. The (2% Fe+2% Cu)-BEA sample shows even higher activity, with 60 and 
90% NO conversion at 150 and 500 °C, respectively. These results indicate that the method of 
preparation of sequentially exchanged Fe-Cu-BEA catalysts combining impregnation of zeolite 
BEA with iron followed by [NH3+NO]-SSIE with copper, results in highly active catalytic 
formulations for NH3-SCR. We also should add that there still might be some room for 
improvement of the sequential ion-exchange method, and the catalytic activity can potentially 
be improved even further. For instance, we may suppose that varying the method of ion-
exchange and/or order of ion-exchange might result in even higher activity for NH3-SCR.  
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Chapter 5 
Conclusions and future outlook 
The objective of this thesis is to understand how different methods for synthesis and 
functionalization of zeolites influence the physicochemical properties of the materials and the 
catalytic performance for selective catalytic reduction of nitrogen oxides with ammonia. 
Specifically, different routes for synthesis of zeolites with CHA framework structure and 
different methods for ion-exchange of zeolites with CHA, MFI and *BEA framework structures 
with copper and/or iron have been used. 
The results show possibility of optimization of zeolite synthesis route by varying the 
concentration of the SDA in the preparation batch, and modifying physicochemical properties 
of zeolitic materials, such as acidity, by isomorphous substitution of T-atoms (for example 
substitution of aluminum with boron in the chabazite framework structure). Unfortunately, the 
ion-exchange capacity of the prepared B-CHA zeolite is limited due to the low amount of boron 
in the zeolite framework, and this needs to be improved. This presumably can be performed by 
synthesis of B-CHA in fluoride medium instead of hydroxide medium.  
Moreover, the choice of metal for ion-exchange, and method of functionalization were 
shown to be of importance for the catalytic and structural properties of the functionalized 
zeolites. Among the methods for functionalization, ([NH3+NO]-SSIE generally leads to the 
most active catalytic formulations compared to the other methods of ion-exchange (SSIE, AEI 
and WI) studied. Moreover, zeolite functionalization with transition metal ions was shown to 
significantly enhance the catalytic activity. Cu-exchanged zeolites show high NH3-SCR activity 
over a broad temperature range, especially at low temperatures, while Fe-exchanged zeolites 
are more active for NH3-SCR at high temperatures. Although the strategy of preparation of 
highly active NH3-SCR catalysts was shown, there are some improvements to be made, in order 
to further improve the catalytic performance, in connection with more stringent vehicle 
emission regulations expected in the near future. First, enhanced low-temperature activity is 
desirable. In order to achieve this, one can try adding a promoter and hence lowering the 
Cu2+/Cu+ redox cycling barrier.  
Additionally, a method of sequential ion-exchange with both iron and copper leading to 
NH3-SCR catalysts that are highly active over a broad temperature range was developed. These 
results indicate that the method of preparation of sequentially exchanged Fe-Cu-BEA catalysts 
combining impregnation of zeolite beta with iron followed by [NH3+NO]-SSIE with copper, 
results in highly active catalytic formulations for NH3-SCR. However, there still might be some 
room for improvement of the sequential ion-exchange method, and the catalytic activity can 
potentially be improved even further. For instance, one may suppose that varying the method 
of ion-exchange and/or order of ion-exchange might result in higher activity for NH3-SCR. 
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Furthermore, it was found that Fe2+ species rather than Fe3+ species, and similar, Cu+ species 
rather than Cu2+ species are beneficial for NOx reduction in NH3-SCR. This fact might help in 
later research studies to further improve the NH3-SCR catalytic performance.  
It should be added that for the small-pore zeolites, pore diffusion limitations may affect the 
catalytic function. One approach to suppress such limitations is to reduce the particle size, 
another approach might be in preparation of hierarchical micro-mesoporous materials where 
the zeolite crystals can be coated with thin film of mesoporous materials. The way to obtain 
such materials is well-known from the literature [83] and can be easily applied to high-silica-
containing zeolites, including SSZ-13. And last but not least, alternative types of zeolites can 
be found, the synthesis approach can be developed, e.g. using computational approach [84], 
with the purpose of using these materials as NH3-SCR catalysts.   
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